Voltage-dependent sodium channels from a variety of tissues are known to be phosphorylated by the cAMP-dependent protein kinase, protein kinase A. However, the functional significance of sodium channel phosphorylation is not clearly understood. Using whole-cell voltage-clamp techniques, we show that sodium currents (INaS) 
nels are subsequently enhanced by protein kinase A (PKA)-dependent phosphorylation. Another pathway involves direct effects of Gsa on the calcium channel. The purpose of this study is to determine if cardiac sodium channels can be regulated in a similar fashion by 3-adrenergic stimulation.
Previously, ISO has been shown to decrease the initial fast component of the action potential upstroke velocity in depolarized guinea pig ventricular myocardium.1" Consistent with this finding in isolated ventricular myocytes from adult guinea pig12 and neonatal rat,'1314 ISO and cAMP have been shown to inhibit INa. This attenuation of INa by ISO was shown to be mediated through a dual G protein-regulated pathway.13"4 Recently, however, ISO has been shown to increase INa in guinea pig cardiac myocytesl5"6 but had no effect on INa in neonatal rat cardiac myocytes. 17 Our results show that in rabbit cardiac myocytes INa is significantly enhanced by ISO and that this effect is mediated both directly by the G protein Gsa and indirectly by cAMP-dependent phosphorylation.
Materials and Methods
Isolated rabbit cardiac myocytes were obtained by enzymatic dissociation through retrograde coronary perfusion with 0.017 mg/ml protease (type XXIV, Sigma Chemical Co., St. Louis, Mo.) using a modified Langendorff apparatus as described previously. ' 6 hours of cell isolation.
The patch-clamp apparatus and techniques19 were similar to those described previously18 with the exception that an Axopatch 200 integrating amplifier (Axon Instruments, Foster City, Calif.) was used. This patch-clamp amplifier allowed us to make lower root-mean-square noise single-channel recordings and achieve whole-cell series resistance compensations of >90% of the uncompensated value. The whole-cell recording pipette solution contained (mM) CsCl 130, HEPES 10, Na2ATP 5.0, GTP 0.5, EGTA 5.0, CaCI2 0.5, and MgCI2 2.0 (pH 7.25). Whole-cell bath solutions contained (mM) NaCl 20 and it has been used previously to produce G5a-specific antisera.21 Solutions were superfused using a DC-powered pump at a rate of 1-2 ml/min, and complete solution exchanges were achieved within 30-60 seconds. The bath temperature was controlled by a resistive heating/cooling element regulated by a battery-powered feedback controller and thermistor (Brook Industries, Lake Villa, Ill. Figures 1A and 1B) . The effect of ISO was reversible on washout and was inhibited by propranolol (100 nM). Propranolol alone at this concentration had no effect on INa; however, higher concentrations of propranolol (1 uM) had a slight inhibitory Prepulse potential (mV) Figure 5A ). Similar to whole-cell experiments, the effects of forskolin were holding potential dependent. Figure  5C shows Figures 6A and 6B) . Calcineurin (17.5 ,ug/ml), which has been shown to dephosphorylate sodium channels in vitro,7 reversed the PKA effects and also decreased the basal ensemble current amplitudes in two of three cells studied, suggesting that Na+ channels are partially phosphorylated in the basal state. These single-channel experiments confirm our whole-cell findings that cAMP-dependent phosphorylation enhances cardiac Na+ currents.
To further determine if ISO can affect INa through a cAMP-independent pathway, whole-cell experiments were carried out with the PKA inhibitory peptide (PKI, 10 ,ug/ml) in the pipette. Bath application of forskolin (5 gM) in the presence of PKI did not affect INa, whereas forskolin plus ISO (1 ,M) significantly enhanced INa by 48.0+13.9% (n=4). Data from a representative PKI experiment at room temperature are shown in Figures 7A and 7B . In contrast to the increased rate constants of inactivation observed in our previous ISO and forskolin experiments (see Figures 6C and 6D) , the rate constants of inactivation with forskolin or forskolin plus J..W (Figures 8A and 8B ). The GTPyS effect was magnesium dependent and could be prevented by preincubation of equimolar concentrations of guanosine 5'-0-(2-thiodiphosphate) (GDPI3S) (n=4). ATP was not present in the bathing solution, indicating that the effect of GTPyS was not mediated by activating adenylate cyclase within the patch. We further examined the direct G protein effect by adding a synthetic Gsa peptide to the cytoplasmic surface of inside-out patches ( Figures 8C  and 8D ). Gsa (200 pM) increased the amplitude of the ensemble current by 30.8+±6.8% without,significantly altering the inactivation kinetics (n=6). This effect was very rapid, occurring as soon as reached the bath and was fully reversible.
Discussion
Our results provide evidence that cardiac Na+ currents are enhanced by ISO through distinct dual 3) The time course of Na+ channel inactivation is accelerated. INa activation and inactivation parameters were greatly reduced and, in most cases, completely eliminated. In five cells in which >20 minutes of recording could be obtained, no significant changes were observed in the current-voltage relation, the steadystate inactivation curve, or the activation curve during the first 20 minutes of recording (data not shown). We believe that the changes in INa were due to the applied agents and not due to time-dependent changes for the following reasons: 1) The agonistinduced changes in INa amplitude reached a steadystate within 5 minutes after drug application. 2) We did not observe the characteristic hyperpolarizing shifts in the steady-state inactivation curve26,28 or the current-voltage relation28 with drug application.
The site on the Na+ channel protein thought to be involved in inactivation is a highly conserved sequence located in the cytoplasmic loop between transmembrane domains III and IV.5,6,30 Both proteases3' and antibodies30 to the putative intracellular inactivation site slow sodium channel inactivation more effectively at hyperpolarized holding potentials, suggesting that hyperpolarization may make the inactivation site more accessible to these agents. We show that the cAMP-dependent effects on INa were also more prominent at hyperpolarized potentials. Possibly, hyperpolarization uncovers previously inaccessible intracellular phosphorylation sites that are involved in the inactivation process. The putative Na+ channel PKA phosphorylation sites are also located intracellularly,5,6 and phosphorylation of these sites may modulate the activity of the intracellular inactivation gating segment. Previously, Schubert and colleagues13,14 showed that in neonatal rat cardiac myocytes INa was modulated by ISO through dual G protein regulatory pathways and that the effect was holding potential dependent. However, in contrast to our results, these authors found that ISO inhibited INa at depolarized holding potentials and had no effect at hyperpolarized holding potentials. Another study done in neonatal rat cardiac myocytes showed that ISO had no effect on INa.17 However, the concentration of ISO used in this study (0.1 ,uM) was lower than that used by Schubert et al3'14 (1-40 ,uM) . In guinea pig cardiac myocytes, ISO inhibited INa, but in contrast to Schubert et al, the inhibition was large even at hyperpolarized holding potentials.12 Other experiments done on guinea pig cardiac myocytes, however, showed that ISO increased INa.15"6 The effect of ISO on INa, therefore, differs between species and also among different investigators using the same species. One possibility is that the effect of ISO differs between different regions of the heart. We find, however, that ISO increases INa in rabbit myocytes from both the right and left ventricles and from the right and left atria (data not shown).
There are species differences with respect to the receptors that control cardiac inotropic effects (for review see Bristow et a139). For example, cardiac contractility is regulated by both al-and /3-adrenergic receptors in rats, mostly by H2-histaminic receptors in guinea pigs, and primarily by ,B-adrenergic receptors in humans. Interestingly, Herzig and Kohlhardt17 found that in neonatal rat myocytes 1) dibutyryl cAMP reduces INa, 2) ISO does not affect INa, and 3) histamine increases INa by 148%. These results are somewhat perplexing considering that histamine activation of H2-receptors causes increases in intracellular cAMP. 40 In intact guinea pig papillary muscle both ISO and histamine attenuate maximum upstroke velocity in a voltage-dependent fashion. 41 Using solutions and protocols similar to those used in previous studies, we never observed reversible ISO-induced decreases in INa in our experiments. The guinea pig study12 was performed at 30°C, and temperature-dependent effects of ISO in heart have been reported. 3 In three experiments at 30°C, forskolin increased ensemble currents in cell-attached patches, showing that the observed enhancement of INa at 23°C is not a temperature-dependent artifact.
The magnitude of the ISO-and forskolin-dependent enhancement of INa was, however, temperature dependent. At 25°C, 1 ancy in results is that our cell isolation procedure somehow modified the Na4 channels and/or fB-adrenergic receptors, allowing them to respond differently to ISO. However, the calcium currents in our cells show robust increases with ISO and forskolin, demonstrating that the ,B-adrenergic/cAMP-dependent regulatory system is intact. Rabbit cardiac Na4 channels and Ca' channels, therefore, are regulated in a similar fashion by ,B-adrenergic stimulation.
